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SOFT LINEAR O, SENSOR 

TECHNICAL FIELD 

This invention pertains to closed loop microprocessor 
control of air-to-fuel mass ratio (A/F) in a fuel-injected 
automotive internal combustion engine using feedback Sig 
nals from the vehicle's exhaust oxygen (O) sensor. More 
Specifically, this invention pertains to a process for modify 
ing the operation of the vehicle fuel control System to change 
the on-off, nonlinear response of the exhaust O. Sensor to a 
more useful proportional response around the Stoichiometric 
A/F. The present invention is driven by the need to operate 
the engine slightly rich or slightly lean for their respective 
emissions advantages during hot or cold engine operation. 

BACKGROUND OF THE INVENTION 

Most current production exhaust oxygen sensors (EOS) 
are Zirconia-based, Solid electrolyte, electrochemical 
devices that are used in conjunction with three-way catalytic 
converters to precisely control exhaust air-fuel ratio and to 
reduce vehicle tailpipe emissions. These robust Sensors have 
been used for many years with powertrain control modules 
(PCM) for closed-loop computer control of fuel injector(s) 
in Supplying gasoline to the cylinders of the engine in 
amounts near the stoichiometric A/F. The stoichiometric A/F 
is approximately 14.7 for most common gasoline fuels 
available in the market today. The PCM is programmed for 
engine operation near the Stoichiometric A/F for best per 
formance of the catalytic converter. 

Such oxygen Sensors are heated by exhaust gas or an 
additional power Supply and produce a relatively low Volt 
age (0.0 V to approximately 0.5 V) at A/F higher than 
stoichiometric value and a high voltage (0.5 V to 1.0 V) at 
lower A/F ratios. Around the stoichiometric A/F, the 
response of these Sensors is unreliable and indeterminate in 
the manner in which they have been used. Therefore, the 
Sensor Steady State characteristic response to the exhaust 
mixture variations is unusable when the combustion mixture 
of air and fuel changes from Slightly rich of Stoichiometric 
A/F to Slightly lean, or Vice versa. In other words, in this 
region the magnitude of the Voltage Signal from the Zirconia 
electrolyte oxygen Sensor cannot presently be used by the 
PCM as indicative of the precise A/F. Instead, the O sensor 
is treated by the PCM as an on-off device, or simply as a fuel 
lean or fuel rich indicator (with respect to Stoichiometric 
A/F). The PCM is programmed to respond, at a fixed rate, by 
changing the duration of the next fuel injection event to 
compensate for the present fuel lean or rich indicating 
Signal. 

Depending upon engine Speed and the number of engine 
cylinders, the PCM must command a fuel injection amount 
into the intake port of a cylinder, or into a cylinder, many 
times per Second. By considering the current and recent past 
O Sensor Voltage values to adjust the duration of the next 
fuel injection event, the PCM delivers an almost average 
stoichiometric A/F to the engine. However, because of the 
on/off nature of the Sensor Signal, the engine is essentially 
just cycling around Stoichiometric A/F Such an "averaged” 
A/F closed-loop control achieves significant reductions in 
emissions of unburned hydrocarbons, carbon monoxide and 
nitrogen oxides as compared to a pre-programmed PCM 
using the open-loop control and without actual feedback 
from downstream exhaust information. However, further 
reductions in tailpipe emissions are required in the recent 
government-mandated emission Standards. Therefore, more 
precise A/F management and fuel control is now essential. 
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2 
Accordingly, it is an object of this invention to provide a 

process for changing the Switch-like output of the Venerable 
Zirconia-type oxygen Sensor to a proportional response 
around the stoichiometric A/F. This newly created linear 
range in the output of the production O. Sensors would allow 
the current PCM, or fuel controller, to manage engine 
operation closer to the desired air-to-fuel ratio (slightly lean 
or rich of Stoichiometric) and achieve further emission 
reductions with essentially the current production hardware. 

SUMMARY OF THE INVENTION 

The oxygen content in the combustion products of a 
hydrocarbon-fuel engine depends significantly on the pro 
portions of air and fuel supplied to the cylinders. When the 
A/F is above the Stoichiometric value, there is significant 
exceSS oxygen for combustion and, consequently, an appre 
ciable oxygen content in the exhaust. The Zirconia-based 
oxygen Sensor operates with ambient air at one electrode and 
the oxygen containing exhaust at the counter electrode. 
Under Such A/F conditions, the Voltage response of a 
Zirconia-based oxygen Sensor is fairly constant in the range 
of about 0.0 V to about 0.5 V. When the engine is momen 
tarily operated at A/F below the stoichiometric value, the 
exceSS oxygen is immediately utilized in combustion of 
hydrocarbon fuel and much less oxygen remains in the 
exhaust. The Voltage output of the Sensor is typically 
increased to the range of about 0.5 V to 1.0 V at all A/F 
above the Stoichiometric value. 

The Voltage response of the Sensor changes abruptly from 
one Such range to the other when the engine A/F changes 
from slightly above the stoichiometric value to slightly 
below, or Vice versa. This change in Voltage is Subject to 
process variability, and the Sensor output in the range 0.3 V 
to 0.6 V cannot be reliably used by a PCM for fuel control. 
This range corresponds to the approximate critical A/F range 
of the stoichiometric value +1.0 A/F (i.e., 13.7 to 15.7 for 
gasoline fuel). 

In accordance with this invention, it has been found that 
by continually introducing a Suitable pattern of individual 
fuel injector biases of known size, at any given engine Speed, 
high frequency A/F oscillations of desired amplitude are 
produced at the oxygen sensor location. The PCM controls 
the on time of Some or all of the injectors to deliver amounts 
of fuel that deviate from the average amount prescribed by 
the current PCM determined fueling strategy. Such devia 
tions are imposed in each engine fueling cycle in which it is 
desired to operate the engine in accordance with this inven 
tion. The imposition of these individual cylinder A/F 
imbalances, through fuel injector biasing, changes the on-off 
nonlinear characteristic of the O. Sensor in the affected A/F 
range. The result is a modification of the Steady State 
characteristic of the Sensor So that a dependable proportional 
response of the O. Sensor over an A/F range of, e.g., 
14.7+0.5 is created. 

For example, in a 4-cylinder engine, with the cylinder 
firing Sequence 1-3-4-2, running at a steady 1500 rpm, fuel 
injection events occur at 20 millisecond (ms) intervals or 
with a frequency of 50 Hz. On selected fuel injectors (2 or 
4 injectors), the fuel pulse widths are altered to cause a slight 
perturbation of A/F. During Such steady engine operation 
(e.g., at 60 kPa), a normal fuel injection period per cylinder 
of about 6.0 ms may provide near stoichiometric A/F. 
Instead, injection duty cycles of 6.6 ms, 6.0 ms, 5.4 mS and 
6.0 ms in cylinderS 1, 3, 4, and 2, respectively, are repeatedly 
introduced in the cylinder intake ports or directly into the 
cylinders. 
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These and like fuel imbalances, preferably introduced 
during each fueling cycle of engine operation, produce a 
fluctuation in exhaust oxygen content and, thus, in Voltage 
output at each event. The imbalances, when introduced, will 
typically amount to about one to fifteen percent of the 
amount of fuel that the PCM determines to be injected in the 
next cylinder fueling event to maintain the desired A/F. 
Averaged values of these outputs provide a usable linear 
Voltage response to changes in A/F. The magnitude of the 
imbalance in injection time, here, e.g., t0.6 ms, produces a 
proportional range in the downstream oxygen Sensor 
response characteristic around the Stoichiometric A/F. Such 
alteration of the nature of the oxygen Sensor characteristics 
over the selected A/F range is suitably utilized to achieve the 
desired A/F as follows. 

In a family of Substantially identical production engines, 
Such as four-cylinder intake port fuel-injected engines, the 
PCM is programmed to time the fuel injector duty cycles 
over a full range of operating conditions of the engine. In 
accordance with this invention, a calibration curve is 
obtained for correlation between the average Sensor Voltage 
and the average exhaust pipe A/F measured in a test envi 
ronment on a representative engine. This calibration curve 
characteristic depends on the magnitude of fuel injector 
biasing and the pattern imposed as well as other operating 
conditions Such as airflow rate and engine Speed. Suitable 
nominal values for fuel injection duration are Selected for 
test operation of a representative engine for adaptation of the 
Subject process. A pattern and level of individual fuel 
injector biasing is initially Selected. An oxygen Sensor 
reference Voltage, for example, V =0.5 V, is Selected and 
fuel injection is controlled, with the selected cylinder fuel 
flow and biasing pattern, to operate the engine at pre 
converter Sensor location V values around the chosen level. 
One can Suitably start at 0.5V and proceed higher or lower 
in Small increments and slowly enough to allow Steady State 
operation at each V level established. While the test engine 
is being operated at Selected average V levels, air to fuel 
ratioS based on tailpipe exhaust analyses, downstream of the 
catalytic converter, are being carefully measured. 

The tailpipe analysis may be performed with a Suitable 
wide-range A/F exhaust Sensor or, preferably, with an emis 
Sion gas analyzer for more precision. This exhaust data is 
used to correlate the average of measured A/F with the 
corresponding average Voltage responses of the pre 
converter production O. Sensor exposed to the exhaust 
Stream from the perturbed fuel injector operation. This 
practice is Suitably repeated over a range of O. Sensor Set 
points, for example, from 0.1 to 0.9 volt. 

Such responses of the O. Sensor are essentially propor 
tional to the average exhaust A/F over a Small region around 
the Stoichiometric A/F. The Sensor proportional range cre 
ated in this way is equal to the magnitude of A/F biasing 
imposed in the cylinders. For example, an injector biasing of 
+0.5 A/F between cylinders would lead to an extended 
proportional range of +0.5 A/F in the Sensor characteristic 
around the Stoichiometric A/F value. This proportional range 
may, however, be affected by Significant mixing in the 
exhaust pipe before reaching the O. Sensor location. For this 
reason, the Sensor is installed at a location very close to the 
exhaust port where cylinderS merge. 

The data produced is then stored in the PCM memory in 
the form of an O. Sensor characteristic lookup table for 
future engine control. The PCM can now command fuel 
injections to the respective cylinders using a Suitable pattern 
and level of injector biasing to produce a limited linear 
exhaust oxygen sensor (LEOS) response from an otherwise 
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highly nonlinear device. In the case of each cylinder fueling 
event, the bias is from the amount of fuel, or injector 
on-time, determined for that cylinder in View of current 
vehicle speed and power requirements. And the PCM can 
refer to this lookup table to control the overall injection 
cycles So that the appropriate O. Sensor response is main 
tained and, as a result, the desired A/F is achieved. 

This proceSS can be adapted for use during cold Starts to 
reduce emissions of unburned hydrocarbons and carbon 
monoxide, or it can be used for slightly fuel rich for 
warmed-up or hot engine operation to markedly reduce NOX 
emissions. 

Other objects and advantages of the invention will 
become more apparent from a description of a preferred 
embodiment which follows. Reference will be made to the 
drawing figures which are described in the following Sec 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 a graph of average oxygen Sensor output in Volts 
VS. average exhaust A/F for a Zirconia electrolyte oxygen 
Sensor. A nonlinear response around the Stoichiometric A/F 
exhaust from the Sensor is obtained during the conventional 
mode of fuel injector control, but a linear response is 
obtained when A/F imbalances are imposed in accordance 
with this invention. 

FIG. 2 comprises two graphs illustrating two Suitable 
patterns of A/F imbalances introduced by fuel injector 
biasing in a four-cylinder engine. Pattern 2(a) is a first 
harmonic pattern of fuel rich and fuel lean imbalances that 
is completed after one full cycle (four injection events, two 
crankshaft revolutions) of engine cylinder fueling. Pattern 
2(b) is a Second harmonic pattern of fuel rich and fuel lean 
imbalances that is completed after two injection events (one 
rankshaft revolution). 

FIG. 3 is an illustrative Steady State graph of linear oxygen 
Sensor response characteristic versus a range of potential 
desired A/F values illustrating direct closed loop A/F control 
in accordance with an embodiment of this invention. 

FIG. 4 is a Schematic diagram illustrating the practice of 
an embodiment of this invention. 

FIG. 5A is a graph of the high-frequency responses in 
Volts, over a few Seconds of engine operation, of a produc 
tion Zirconia oxygen Sensor and of a commercial wide-range 
A/F ratio (WRAF) sensor both located upstream of an empty 
catalytic converter can in the exhaust of a four-cylinder 
engine. 

FIG. 5B is a graph like FIG. 5A of high frequency 
responses in Volts of an automotive Zirconia Sensor and a 
WRAF sensor both located downstream of the converter can 
in the same exhaust system as in FIG. 5A. The converter can 
was empty to assure Sufficient mixing of the exhaust gas and 
averaging of the respective Voltage Signals for concept 
Verification. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Zirconia-based, Solid electrolyte type oxygen Sensors 
have been used in millions of automobiles for many years in 
combination with the noble metal containing three-way 
catalytic converter. It has been recognized that the converter 
best reduces the exhaust gas content of each of carbon 
monoxide, unburned hydrocarbons and nitrogen oxides 
when the A/F of the engine (especially a gasoline-fueled 
engine) is maintained close to the Stoichiometric proportions 
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of fuel and air. Typically a Sensor is located in the exhaust 
manifold just upstream of the converter can. A Second Sensor 
is Sometimes located in the exhaust tail pipe just down 
Stream of the converter. The Second Sensor is often used for 
fuel control as well as catalytic converter monitoring. 

After being heated to an operating temperature, the Sensor 
produces Voltage Signals based on current exhaust oxygen 
content in the region of its Sensing electrode. Changes in the 
proportions of air and fuel (A/F) introduced into the cylin 
ders of the engine produce changes in the composition of the 
exhaust, especially the oxygen content. The Sensor typically 
responds to changes in exhaust oxygen content within a few 
ms of a change. The fueling of the engine cylinderS is 
usually managed So that Such changes are not abrupt and the 
effect of time-delay between an adjustment in A/F and the 
corresponding change in exhaust composition is compen 
Sated properly. 

Voltage Signals from the Sensor are available to the 
powertrain control module (PCM) which controls fuel injec 
tor timing and duty cycle and many other engine and 
transmission operations. Such feedback is used by the PCM 
in closed loop management of fuel injection. In the current 
mode of engine fuel management, the Sensor provides a 
response like that shown in curve 10 of FIG. 1. 

Curve 10 shows the average response in fractions of a volt 
for Steady State average exhaust gas compositions corre 
sponding to air to fuel mass ratios (A/F) centered on the 
stoichiometric A/F of 14.7 for the regular gasoline fuel. It is 
seen that the slope of curve 10 near stoichiometric A/F is 
very Steep. This range cannot be used in the conventional 
way by a PCM to control fuel injection times to a specific 
Voltage output of the oxygen Sensor. Instead, the Sensor 
Signal is used like an on-off Switch with respect to Stoichio 
metric A/F. The PCM averages (or filters) the current and 
recent Several Voltage Signals of the Sensor every 12.5 ms, 
for example, and calculates the fuel injection time for the 
next cylinder, or Sequence of cylinders, necessary to return 
the Sensor Signal Stepwise toward Stoichiometric A/F. This 
proceSS is repeated for each injection event, or Sequence of 
fueling events, with the PCM reacting in stepwise incre 
ments to changes in the O. Sensor output. Thus, the exhaust 
gas composition and corresponding oxygen Sensor Signals 
oscillate in the Stoichiometric region as fuel injection rates 
are varied only in response to a signal that Suggests that A/F 
is departing from the Stoichiometric A/F target. However, 
fuel economy could be improved and NOx emissions, for 
example, could be reduced if the O. Sensor could be made 
to produce a linear response around a desired A/F for more 
precise control of fuel injection. 

It has been found that by introducing a particular pattern 
of individual fuel injector biases of known size, high 
frequency A/F Oscillations of desired amplitude are pro 
duced at the O. Sensor location. The imposition of individual 
cylinder A/F imbalances cause the binary (on-off) character 
of the O. Sensor to change to a useful moderately sloped 
linear response as seen in curve 12 in FIG. 1. Instead of 
injecting an amount of fuel determined appropriate to 
Steadily correct the trend of the exhaust Signal away from 
Stoichiometric A/F, arbitrary Small increases and decreases 
to Such determined fuel charge into individual cylinders are 
regularly and repeatedly employed. Such a regular pattern of 
biases in the amount of fuel injected over Succeeding fueling 
events produces rapid changes in the Sensor Signal that when 
averaged produce a desired linear response within the A/F 
range of the imbalances. In this new method of managing 
fuel injector timing, the average oxygen Sensor output is 
proportional to the average engine A/F measured at the 

15 

25 

35 

40 

45 

50 

55 

60 

65 

6 
Sensor location. The proportionality range is a function of 
the size of injector biases introduced. 

Curve 12 in FIG. 1 shows the combined effect of indi 
vidual fuel injector offsets on the apparent conversion of the 
Switch to a linear Sensor. The Size of the proportional range 
is only a function of the size of the individual A/F imbal 
ances generated by the injector offsets. However, due to 
Strong mixing in the exhaust pipe, the actual engine out A/F 
shape is not completely preserved at the Sensor location. 
And, therefore, as the engine Speed and load varies, the 
linear range is stretched or shrunk modestly. However, 
always the limited range is inclusive of the Stoichiometry 
and, by proper design, is of Sufficient size to allow direct 
measurement of the actual A/F at the entrance to the three 
way catalyst. 

In the conventional port injection fuel control System, the 
Switching characteristic of O. Sensors would lead to Sus 
tained limit-cycle OScillations in fuel and A/F Signal. The 
frequency of oscillations is mainly determined by the trans 
portation time-delay between fuel injection and A/F Sensor. 
This frequency is usually 0.1 to 2.5 Hz during Federal Test 
Procedure (emission test) cycles depending on engine speed 
and controller parameters. The existing low-frequency Sig 
nal cannot generate a linear band of any Substance around 
Stoichiometry. Indeed, in current practice, the O. Sensor 
response between 0.3 and 0.6 volts, due to its 
unpredictability, is deemed useleSS and therefore discarded. 

This concept of introducing a pattern of fuel injector 
duty-time biases of known magnitudes is a simple technique 
to generate a proportional band in O. Sensor response at 
around Stoichiometric A/F. The resulting imbalances in the 
amount of injected fuel impose high-frequency A/F varia 
tions into the exhaust Stream impinging on the O. Sensor 
element. The frequency of variations depends on the imbal 
ance pattern Selected and the engine Speed. For example, in 
a four-cylinder engine at 1500 rpm, two pure harmonics 
frequencies (12.5 Hz and 25 Hz) are possible as shown by 
patterns 2(a) and 20b) of FIG. 2. In a V6 engine, the 
maximum frequency at 1500 rpm is increased to 37.5 Hz 
corresponding to bank-to-bank fuel injector offsets. 

FIG. 2 shows suitable patterns of fuel injector biasing for 
a four-cylinder engine as an example of a practice of this 
invention. These are fuel injector duty time patterns for a 
port injected or direct injection gasoline fueled engine. 
Pattern 2(a) is a simple sequence of fuel imbalances as the 
PCM is determining the injector charge times for the con 
ventional fueling Sequence of cylinders 1-3-4-2, respec 
tively. In this illustration, the PCM has determined from 
previous O. Sensor Signals a Suitable average quantity of 
fuel to be injected at the next cylinder fueling event. This 
amount is represented by the horizontal reference level 
baseline on patterns 2(a) and 20b). The actual fuel amount 
represented by the baseline may vary from cylinder to 
cylinder if engine Speed or load is changing. Fuel imbal 
ances are shown as Vertical departures from the reference 
line. They represent percentage injection biases, e.g., 
1-15%, from the PCM determined amount of fuel for the 
fueling event. 

In pattern 2(a) cylinder one receives the reference amount 
of fuel which is charged by a PCM signal that specifies that 
the fuel injector for cylinder 1 be kept open a specified time, 
e.g., 6 milliseconds. Cylinder 3 receives a richer fuel charge 
(an imbalance or bias), designated +bin which the injector 
duty time is, e.g., 6.6 ms. Cylinder 4 receives the reference 
charge, but cylinder 2 receives a lean charge, -b, of 5.4 ms. 
The fuel imbalances indicated in pattern 2a as +b and -b. 
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are variables determined by the designer of the process or 
determined by the PCM and typically range from 1-15% of 
the PCM determined amount of fuel for the current target 
A/F. Pattern 2a is repeated every two revolutions of the 
engine or at 12.5 Hz in this example where the engine is 
operating at 1500 rpm. This is the Simplest pattern and is the 
first harmonic of this fuel imbalancing cycle. This pattern is 
applicable to four or eight cylinder engines. 

Pattern 2(b) is a second harmonic of 2(a), and it repeats 
in half the number of fueling events. AS Seen in pattern 2(b), 
each cylinder receives either a lean charge, -b, or a rich 
charge, +b. It is seen that the 20b) pattern is repeated after 
each two cylinder fueling events or at 25 Hz in this example. 
The values of +b and -b may vary with engine Speed and 
the required range of the Sensor output to be made linearby 
the practice of this invention. Again, they are unbalancing or 
bias factors in the range of 1-15% that the PCM applies to 
its first determination of fuel to be injected at the current 
fueling event. This pattern of fuel imbalances could be used 
with any engine having an even number of cylinders. 

In the practice of this invention, either the first harmonic 
or the Second harmonic, or an additive combination of the 
two, can be used, with appropriate valuation of b and/or b, 
to produce any necessary or desired pattern of fuel biases for 
the practice of this invention. The additive combination 
could, for example, be one part of the first harmonic and two 
parts of the Second harmonic. By looking at patterns 2(a) 
and 20b), it is readily Seen that if they are simply added, the 
pattern for four cylinders becomes -b, b+b, -b-, b-b. 
The values of b and b may be the same or different. 

In closed-loop port fuel operation of the fuel control 
System with the imposed fueling imbalances, due to the 
generated linear range, limit cycle oscillations are locked 
out. While the sensor response shows oscillatory A/F 
variations, both frequency (speed dependent) and magnitude 
of oscillations are at the designer's discretion. 

The practice of regularly and continually introducing 
imbalances in the amount of fuel injected into the cylinders 
of an engine thus can be utilized to produce a linear response 
over a desired A/F region of O. Sensor output. An example 
of such a response and use for it is illustrated in FIG. 3. The 
average response of the Zirconia electrolyte type Sensor is 
shown in volts. The moderate linear slope from the relatively 
high response, e.g., 0.8V, at low A/F to the relatively low 
response at high A/F is apparent. Accordingly, it becomes 
possible to control a Succession of fueling events, including 
a Suitable pattern of fueling imbalances, to both induce the 
linear response and control A/F at the desired Set point 
within the linear range depicted in FIG. 3. Moreover, with 
Such a linear Sensor output it is possible to control fuel 
injection to operate for prolonged times in a slightly fuel 
lean mode for enhanced fuel economy or in a slightly rich 
mode for low NOx emissions. 

However, in order to use this practice to control fuel 
injection for engine operation at a desired A/F, the engine 
Sensor combination must be calibrated for Such beneficial 
operation. The steady-state characteristic (i.e., calibration) 
of a linear O sensor (LEOS) under closed-loop 
proportional-plus-integral (PI) control is determined for an 
engine family-Sensor combination, for example, through the 
following Steps: 

1. Select nominal values for the PI fuel injection control 
ler parameters that have worked well in the production 
engine and Sensor System, and other variables Such as typical 
fuel injector duty times in milliseconds for a Specific change 
in sensor A/F near stoichiometric A/F. 
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2. Select the pattern and level of biasing (e.g., b or b in 

FIG. 2) and apply the biasing to the selected individual 
injectors. 

3. Select the set-point VS for the PI closed-loop controller. 
One can start from 0.5 volt O. Sensor output (i.e., close to 
Stoichiometric A/F) and proceed upward or downward in 
Small increments and Slow enough to assure that Steady State 
is established. 

4. Measure the average A/F signals (i.e., tailpipe A/F after 
catalyst) using a WRAF Sensor or an emission gas analyzer. 

5. Measure the average pre-converter O. Sensor response 
V (or the post converter O. voltage V) and correlate 
with the respective exhaust data determined in Step 4 above. 

6. Repeat Steps 3-5 above for the range of O. Sensor 
set-points 0.1-0.9 V. 

7. Map the Sensor output Signals by plotting V 
(alternatively V, or V) vs. the measured A/F. The 
proportional range will be evident on the modified charac 
teristic curves. A typical curve is shown in FIG. 3. 

8. If the linearity range for the application in hand is not 
Sufficient, then go to Step 2 above and repeat with increased 
b or b values. In contrast, if the linear range is too large, 
reduce b or b values. 

FIG. 4 is a Schematic flow diagram illustrating the use of 
the above acquired linear exhaust oxygen sensor (LEOS) 
data. 

Referring to FIG. 4, the PCM considers the operating 
conditions of the engine and transmission and determines a 
desired A/F at step 41. The PCM then chooses an appropriate 
O Sensor Set-point value (V) from maps or calibration 
curves (prepared as described above) stored in memory of 
the module in the form of table lookup 40. The value V is 
Stored in memory as a control Set-point 42 and Serves as a 
current mode reference for the PCM as it exercises its port 
fuel injection control 44. The PCM selects a fuel injector 
bias pattern 46. The bias pattern illustrated in block 46 will 
be recognized as the Second harmonic pattern 2(a) for a four 
cylinder engine as applied to the cylinders 1-4 depicted in 
engine cylinder block 48. The PCM controls the fuel injector 
pulse width, indicated at FPW in FIG.4, as the cylinders are 
fueled in 1-3-4-2 order. 

Combustion occurs in the respective cylinders within a 
few milliseconds. The exhaust gases from the cylinders 
Sequentially enter the exhaust manifold and within another 
few milliseconds impinge upon the oxygen Sensor before 
entering the catalytic converter. The pre-converter electro 
chemical O. Sensor reacts to the mixing gases and Signals its 
response each few milliseconds. Since the cylinders are 
receiving slightly varying amounts of fuel, rich and lean of 
the Set point A/F, the exhaust gas composition reflects the 
rapidly varying A/F inputs. Indeed, in the bias pattern 
illustrated at 46, the input A/F varies between each fueling 
event. The output signals of the Sensor likewise vary rapidly 
and widely as indicated at 52. However, they are fed back to 
the PCM where they are continually averaged (or filtered by 
standard methods such as notch filtering) at 54 over a 
Suitable few current and immediate past signals, and Such 
average values are correlated well with the LEOS linear 
pattern depicted at 40. 
The PCM compares the current averaged Sensor response 

with the current Set point and makes adjustments in its 
determination of the new “average' fuel charge. Of course, 
this fuel imbalance practice is imposed by the PCM along 
with its determination of the engine Speed and load require 
ments of the vehicle. 
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In the above description of a practice of the invention, the 
Signals from an O. Sensor close to the exhaust manifold and 
upstream of the catalytic converter were used. This assures 
a fast response to changes in engine operation and may be 
used to adjust Overly fuel rich operation at cold Start even 
before the system may be sufficiently warmed up for full 
closed-loop fuel control. The invention can also be practiced 
using an O. Sensor located downstream of the catalytic 
converter. A post-converter Sensor provides data on thor 
oughly mixed exhaust gases and permits precise control of 
A/F especially when it is desired to operate continually in a 
Slightly fuel rich or lean regime. 

The graphs of FIG. 5 illustrate the effect of continuous 
fuel imbalances on the output Signals of both a conventional 
Solid electrolyte O. Sensor and a wide-range air fuel 
(WRAF) exhaust sensor. The graphs report data from a few 
Seconds of operation of a four-cylinder engine on a dyna 
mometer. The engine was operated at 60 kPa and 1500 rpm. 
The fuel system was put under PCM port injection control 
and the fuel injectors were biased to produce 5-10% A/F 
imbalances with either pattern of imbalances depicted in 
FIG. 2 (either first or second harmonic). The exhaust pipe 
contained an empty catalytic converter can of 85 in for the 
purpose of generating thorough mixing of the exhaust 
stream from individual cylinders. There was no active 
catalyst in the exhaust pipe. 
Two sets of pairs of O-WRAF sensors were employed in 

the test. The first set was installed immediately after the 
exhaust manifold. In this set the O. Sensor was used as the 
control sensor and the WRAF sensor was used to monitor 
the actual A/F at that location. The second set was installed 
after the empty converter can to Simulate the averaged 
values of O and WRAF sensors after thorough mixing of 
the exhaust gas in the exhaust pipe. 

Throughout the tests, a conventional port injection control 
proceSS was used for fuel control except that the fuel 
injectors were biased as in pattern2(a) with b-i-10% of fuel 
injector duty cycle. At Stoichiometry and an average fuel 
injection of 6.0 ms into cylinders, this would provide fuel 
pulse widths 6.6 ms in cylinder 1, 6.0 ms in cylinder 3, 5.4 
ms in cylinder 4 and 6.0 ms in cylinder 2 corresponding to 
a pattern of imbalances of (0.6, 0, -0.6, 0) ms for the firing 
Sequence (1, 3, 4, 2) in the four cylinder engine. 

In this test, the Vs set-point of the controller was suddenly 
increased from 424 mV (i.e., stoichiometric A/F=14.74) to 
606 mV (corresponding to A/F=14.50). FIG. 5a shows the 
transient O. Sensor response and the actual WRAF Voltage 
measured at the same point in the exhaust manifold in 
response to the Set-point change at about 6600 ms. The 
stoichiometric A/F corresponds to 3.0 V on the WRAF 
Sensor with lower (higher) voltage values corresponding to 
richer (leaner) exhaust mixtures. Correlated changes in the 
level of O and WRAF sensors are evident in FIG. 5a. 

FIG. 5b shows the response of the second set of sensors 
after the converter can has mixed the exhaust Stream. These 
direct Signals represent averages of the responses of the 
corresponding sensors in the first set (FIG. 5a). It is clearly 
Seen that the average of the O. Sensor Voltage follows the 
average signal of the WRAF sensor when the commanded 
fuel Strategy changed in a fuel rich direction. The O. Sensor 
now acts like the linear WRAF sensor. 
To test the concept on the lean Side, the Set-point is 

suddenly changed to 202 mV (corresponding to A/F=15.03). 
The average O and WRAF sensors followed the desired 
level set by the controller. The parallel variations of O and 
WRAF sensors confirmed that the subject linear O sensor 
is also effective for lean A/F control. 
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To verify the performance of the linear O sensor over the 

whole linear range, the initial set-point at 424 mV (i.e., 
A/F=14.74) was suddenly increased to 606 mV (i.e., A/F= 
14.50) and subsequently decreased to 202 mV (i.e., A/F= 
15.03). The fuel control system achieved its targets with 
good transient response. The parallel behavior of the O and 
WRAF sensors indicated excellent performance and 
adequacy of the O. Sensor operation over the linear range for 
direct A/F control. 
The practice of the invention was further evaluated in a 

Buick LeSabre vehicle (with 3800 V6 engine). A WRAF 
sensor was installed in the exhaust manifold for A/F moni 
toring. Fueling was controlled with 5% fuel injector biases 
between banks (i.e., all cylinders had similar magnitudes of 
bias but of opposite sign if not belonging to the same bank) 
and testing was continued by changing the O. Sensor Set 
point from 0 to 1000 mV. A distinct linear range of sensor 
outputs was obtained when fuel injector biases are intro 
duced and A/F was controlled for extended operating peri 
ods at Stoichiometric A/F, and at both rich and lean A/F set 
points. 
The invention has been described in terms of a few 

Specific embodiments. However, it is apparent that other 
forms of the invention could readily be adapted by one 
skilled in the art. Accordingly, the Scope of the invention is 
limited only by the following claims. 
What is claimed is: 
1. A method of controlling fuel injection in the operation 

of a vehicle comprising a multi-cylinder internal combustion 
engine, at least one fuel injector for Supplying fuel to Said 
cylinders in a predetermined Sequence over repeated fueling 
Sequence cycles during operation of Said engine, an exhaust 
oxygen Sensor of the Solid electrolyte type and a computer 
based control means for receiving Signals from Said oxygen 
Sensor and using Said Signals in determining the amount of 
fuel to be Supplied to Said cylinders, Said method to be 
conducted by Said control means and comprising 

repeatedly determining amounts of fuel to be delivered to 
Said cylinders during Succeeding periods of fuel injec 
tion events based on A/F control goals determined by 
Said means and 

delivering fuel injection imbalances with respect to at 
least Some of Said amounts of fuel by imposing Specific 
fuel injector biases to Some or all cylinders during Such 
periods of injection events, 

whereby, on average, a linear response of A/F related 
Signals is obtained from Said oxygen Sensor in A/F 
regions of control by Said means and Said means 
controls said amounts of fuel delivered in accordance 
with Said linear response. 

2. A method as recited in claim 1 comprising delivering 
imbalances with respect to Said amounts of fuel to Some or 
all cylinders during each cylinder fueling Sequence while 
adjusting Said imbalances during Said Sequence to average 
an A/F goal within a range of plus or minus 1.0 A/F of the 
Stoichiometric A/F. 

3. A method as recited in claim 1 comprising delivering 
imbalances with respect to Said amounts of fuel to Some or 
all cylinders during Such periods of injection events, Said 
imbalances being of alternating equal and opposite magni 
tudes with respect to Said amounts of fuel. 

4. A method as recited in claim 2 comprising delivering 
imbalances with respect to Said amounts of fuel to Some or 
all cylinders during each cylinder fueling Sequence, Said 
imbalances being of alternating equal and opposite magni 
tudes with respect to Said amounts of fuel. 
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5. A method as recited in claim 1 where Said engine is a 
four-cylinder engine and comprising delivering Said imbal 
ances to the four cylinders in accordance with one of the 
following Sequences: 

(i) 0, +b, 0, -b, 
(ii) -b, +ba, -b, +b, or 
(iii) an additive combination of (i) and (ii). 
6. A method as recited in claim 2 where Said engine is a 

four-cylinder engine and comprising delivering Said imbal 
ances to the four cylinders in accordance with one of the 
following Sequences: 

(i) 0, +b, 0, -b, 
(ii) -b, +ba, -b, +b, or 
(iii) an additive combination of (i) and (ii). 
7. A method for obtaining linear responses from an 

exhaust oxygen Sensor in the operation of a vehicle com 
prising a multi-cylinder internal combustion engine, at least 
one fuel injector for Supplying fuel to Said cylinders in a 
predetermined Sequence over repeated fueling Sequence 
cycles during operation of Said engine, an exhaust oxygen 
Sensor of the Solid electrolyte type and computer-based 
control means for receiving Signals from Said oxygen Sensor 
and using Said Signals in determining the amount of fuel to 
be Supplied to Said cylinders, Said method to be conducted 
by Said control means and comprising 

repeatedly determining amounts of fuel to be delivered to 
Said cylinders during Succeeding periods of fueling 
injection events based on A/F control goals determined 
by Said means and 

delivering fuel injection imbalances with respect to at 
least Some of Said amounts of fuel by imposing Specific 
fuel injector biases to at least Some cylinders during 
Such periods of injection events, 
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whereby, on average, a linear response of A/F related 

Signals is obtained from Said oxygen Sensor in A/F 
regions of control by Said means. 

8. A method as recited in claim 7 comprising delivering 
imbalances with respect to Said amounts of fuel to at least 
Some cylinders during each cylinder fueling Sequence while 
adjusting Said imbalances during Said Sequence to average 
an A/F goal within a range of plus or minus 1.0 A/F of the 
Stoichiometric A/F. 

9. A method as recited in claim 7 comprising delivering 
imbalances with respect to Said amounts of fuel to at least 
Some cylinders during Such periods of injection events, Said 
imbalances being of alternating equal and opposite magni 
tudes with respect to Said amounts of fuel. 

10. A method as recited in claim 8 comprising delivering 
imbalances with respect to Said amounts of fuel to at least 
Some cylinders during each cylinder fueling Sequence, Said 
imbalances being of alternating equal and opposite magni 
tudes with respect to Said amounts of fuel. 

11. A method as recited in claim 7 where Said engine is a 
four cylinder engine and comprising delivering Said imbal 
ances to the four cylinders in accordance with one of the 
following Sequences: 

(i) 0, +b, 0, -b, 
(ii) -b, +b, -b, +b, or 
(iii) an additive combination of (i) and (ii). 
12. A method as recited in claim 8 where Said engine is a 

four cylinder engine and comprising delivering Said imbal 
ances to the four cylinders in accordance with one of the 
following Sequences: 

(i) 0, +b, 0, -bi, 
(ii) -b2, +b2, -b2, +b2, O 
(iii) an additive combination of (i) and (ii). 

k k k k k 


